Background: Physical activity and fitness in adolescence may improve cognition in adulthood by increasing insulin-like growth factor I (IGF-I). Methods: As part of the Amsterdam Growth and Health Longitudinal Study, following subjects from age 13 to 42 years, physical activity and fitness of 303 subjects were assessed annually between the ages 13 to 16. At mean age 36, physical activity, fitness and IGF-I were measured. At mean age 42, IGF-I and cognitive factors (ie, executive functioning and visual-spatial memory) were measured. The linear regression of physical activity and fitness in adolescence and IGF-I in adulthood on cognitive scores in adulthood was investigated. Results: A significant association was found in males between physical activity in adolescence and In the past decades empirical evidence has become available to confirm the general benefits of physical activity and fitness on health. A part of research in this field has been directed to the role of physical activity as well as fitness in cognition. Physical activity can be defined as the amount of motor actions performed, meaning bodily movement produced by skeletal muscles that results in energy expenditure.1 In contrast to physical activity, which represents bodily movement, physical fitness represents a physiological status defined by the amount of oxygen the body can transport and use which can be measured by lung function capacity.1 Cognition can be defined as processes of knowing, including attending, remembering, and reasoning.2 A higher level of engagement in physical activities seems protective against cognitive decline and may reduce the risk of dementia.3 Meanwhile, an inactive lifestyle is associated with cognitive decline.4 Different levels of decline of cognition may progressively affect performance of activities of daily living (ADL). Mild cognitive impairment negatively influences an individual's ability to perform complex ADL, such as household activities, handling money, shopping, and transportation. Dementia initially affects people's ability to perform complex activities of daily life, but later in the disease course disabilities progress to more basic activities such as dressing and toileting.5 Physical activity can lay out a neural architecture providing a cognitive reserve, which can be defined as the capacity of the brain to cope with brain pathology to minimize or postpone the onset of clinical symptoms. 6 In addition, aspects of life experiences, like engagement in leisure activities, may result in functionally more efficient cognitive networks and therefore provide a cognitive reserve that delays the onset of clinical manifestations of agerelated cognitive deficits and even dementia,7 thereby slowing down pathology at older age. 8 Results from epidemiologic studies suggest that experiences at all stages, even in late life, can increase this reserve.9 The majority of studies on cognition and physical activity have focused on the reduction of cognitive deterioration in elderly. 10 Recently, 4 longitudinal studies were analyzed with follow ups after 8 to 18 years.11 Physically active elderly were found to perform better at reasoning and fluency tasks than their sedentary peers and additionally suffered less decline in fluency after follow up. Word fluency requires the generation of multiple single words from a single cue within a given time, which is thought to be a frontal lobe process.12 With respect to younger subjects, studies examined the relationship between physical activity and cognitive performance, including school achievements in elementary school children. For instance, physically active lessons of moderate intensity improved overall performance on a standardized test of school achievement by 6% compared with a decrease of 1% for controls, as was indicated by the results of a 3-year cluster randomized, controlled trial in 24 elementary schools. 13 In another study, an association was observed between physical activity at age 11 and attention at ages 11 and 13 years with data from 4755 children. Results indicated that moderate-tovigorous physical activity might be beneficial for attention processes in adolescence.14 To examine the effect of aerobic fitness on cognitive performance, a meta-analysis was performed on 37 studies including subjects with ages from 11 to 83 years. Samples were categorized as children and young adults (5-29 yrs), adults (30-59 yrs), and older adults (over 60 yrs). 7 The results of the cross-sectional studies indicated that the fit individuals showed a better cognition than the unfit individuals. In addition, for the cross-sectional studies, aerobic fitness was negatively predictive of cognitive performance for children and young adults, positively predictive for adults, and not significantly related for older adults. For the pre-post comparisons, aerobic fitness was negatively predictive of cognitive performance for older adults, but was not a significant predictor for the other 2 age groups. As these inconsistent results do not support a mediating role of aerobic fitness, the authors suggest that variables other than aerobic fitness (both physiological and psychological) may explain the positive relationship between physical activity and cognition. In a study on the long-term effects of activity between the ages of 15 and 25 on cognitive performance in older age (55 to 85 years), men who had exercised with low intensity were found to exhibit a higher information processing speed at old age than men who had either vigorously exercised or not at all. 15 In another study, females who had been active throughout their teenage years were found to show a lower incidence of cognitive impairment around the age of 70.16 Studies in young adulthood showed that physical activity at age 36 was associated with a slower rate of decline in memory after 7 and 17 years. 17 In contrast, after a 10 year timeframe the selfreported physical activity of middle-aged civil servants was associated with fluid intelligence and phonemic fluency, but not short-term memory. 18 Executive functioning, reflecting a mental process guiding cognitive control for purposeful behavior,19 speed of information processing as well as memory in later life (mean age 76 years) have been found to be positively associated with physical activity previously in midlife (at a mean of age 51 years). 20 The available data on the relationship between physical activity and cognition are conflicting with respect to the level of activity needed to improve cognitive function. The results of a metaanalysis in nondemented subjects followed for 1 to 12 years indicated that, relative to subjects being sedentary, subjects reporting a high level of activity had a 38% reduced risk of cognitive decline, while lowto-moderate levels of activity reduced the risk of cognitive decline with 35%. Thus, estimates of association were similar for high and low-to-moderate levels of activity. In contrast to the cited study above,15 all levels of physical activity seem to reduce the risk of cognitive decline.21 A possible mediating factor explaining the effects of physical activity on the brain are hormones. Several studies have hinted at a mediating role for insulin-like growth factor I (IGF-I) between physical fitness and cognitive performance in humans. 22 There is a body of evidence that higher IGF-I levels in healthy individuals and in distinct patient groups are associated with a better cognitive performance. 23 In addition, IGF-I production is stimulated by physical exercise24 and fitter subjects are found to have higher levels of circulating IGF-I. 25 The circulating IGF-I can cross the blood-brain barrier and may eventually improve cognitive functions. 23 The increase of IGF-1 levels by exercise may be enduring as a consequence of functionally relevant (epigenetic) changes to the IGF-I gene.26-28 The aim of this study was to examine the effects of adolescent physical activity and fitness on cognitive function in adulthood. It is hypothesized that more active and/or more fit adolescents will have better memory and executive function in adulthood. As the production of IGF-I is stimulated by physical activity and enhanced in persons with higher fitness levels, it is theorized that IGF-I is one of the mediating factors between adolescent activity and adult cognitive function.
METHODS

Participants
A number of 303 participants of the Amsterdam Growth and Health Longitudinal Study (AGAHLS) were included in the current study. The sample consisted of healthy, Caucasian subjects of whom 143 were male and 160 female. In 1976 this study was started to gain an understanding of growth, development and health of children going into puberty and included 698 secondary school pupils aged 13.29 Data concerning health, lifestyle and psychological factors were collected. Four annual measurements of physical activity and fitness were carried out between the ages 13 and 16 (SD 0.6). In adulthood, physical activity, fitness and IGF-I were examined at mean age of 36 (range 34 to 38, SD 0.7). In addition, at mean age 42 (range 41 to 46, SD 0.7) IGF-I was determined and cognitive tests administered. For the current study, subjects were selected on the basis of having at least 1 physical activity and fitness measure taken in adolescence and completion of cognitive tests and at least 1 IGF-I sample taken in adulthood. The socioeconomic levels were obtained using standardized questionnaires and turned out to be slightly above the Dutch national average (data not shown). All participants had given written consent and the study was approved by the Medical Ethical Committee at VU University Medical Center.
Measurements
Physical Activity. Physical activity was a self-reported measure in metabolic equivalents (MET) using a standardized activity interview based on a questionnaire.30,31 One MET is defined as the oxygen uptake of a person sitting at rest. This is equivalent to a body oxygen consumption of approximately 3.5 ml per kilogram of body weight per minute for an average adult. Subjects reported their physical activities of the previous 3 months. They documented their work and home activities, their involvement in organized as well as in unorganized sports activities and their physical activity while traveling. For example, subjects were asked "Are you member of a sport club?"; "What is the average active time per training?"; "What is the number of training sessions per week?" The investigators took only those activities into account, which had a duration of at least 5 min and an intensity level of more than 4 times the basal metabolic rate. As children aged 13 years may alternate activities of a short duration, the 5 min criterion was chosen to reduce the risk of underestimation of the total amount of activity. The physical activities were classified as light (4-7 METs), medium-heavy (7-10 METs), and heavy (>10 METs). For the purpose of scoring, the METs assigned to these categories were 5.5, 8.5 and 11.5, respectively. The interview assessed the average weekly time spent doing activities in each of the 3 categories. MET scores per week were derived through a multiplication of the average time spent per week (min) in each category with the respective MET value for that category. The scores of the 3 levels were added to arrive to a score of total METs times minutes per week: Weighted Activity Score = (5.5 × min/week) + (8.5 × min/week) + (11.5 × min/week), in METs/week. Thus, the weighted activity score is a combined measure of the duration and intensity of the daily physical activity.32
Physical Fitness. Physical fitness was defined as the maximal oxygen uptake (VO2max) on a treadmill running test (Quinton, model . Participants were equipped with a mouthpiece to collect the expired gas and a nose clip. After a short practice phase serving as warming-up and to familiarize with the apparatus, subjects were verbally encouraged to run at a constant speed of 8 km/h. Meanwhile, the slope of the treadmill was increased 2.5% every 2 minutes until complete exhaustion had been reached. Measurements of VO2max were taken using the Ergoanalyzer (Jaeger, Bunnik, The Netherlands) and were corrected for body size. The effectiveness of this treadmill test in reaching a true maximal oxygen uptake was evaluated from the maximal heart rate (more than 95% of the predicted maximum corrected for age) and the respiratory gas exchange ratio (a value of more than 1.0). More details on the physical activity and the physical fitness measures can be found in Kemper et al.29 Cognitive Tests. Two subtests, the Paired Associates Learning (PAL) task and the Spatial Working Memory (SWM) task, from the Cambridge Neuropsychological Test Automated Battery (CANTAB) 33 were administered. Subjects were tested individually in a sound attenuated room at the VU University during approximately 30 min. The PAL subtest is a visual-spatial memory task relying on medial temporal lobe functioning. Six to eight boxes are presented at the same time on the screen and are opened in a randomized order. One or more of them will contain an image (colored geometrical shape). At the end of the trial, subjects are shown an image, one at a time, in the middle of the screen and asked to touch the box where the pattern was originally located. If the participant makes an error, the patterns are represented (up to 6 times) to remind the participant of their locations. The number of images increases up to 8 in progressive stages. A subject progresses to the next stage if all the locations are correctly remembered. The test is terminated when a stage cannot be completed. From the total of 21 outcome measures 2 outcome measures were selected on the basis of having sufficient spread in scores between subjects. The First Trial Memory Score (FTMS) was the number of patterns correctly located on the first trial across all stages, with higher scores reflecting better performance. The Total Number of Errors (TE) was the adjusted number of errors for the completed stages, so that more errors signified a poorer performance. The SWM task was used to determine working memory and strategic memory control, that is executive function which relies strongly on frontal lobe functioning. Several boxes were presented on screen and participants could open the boxes to find a token that was hidden. After the token had been found, they had to search for a new token in the other unopened boxes. A self-ordered search strategy has to be applied, which relies on intact frontal lobe and executive functioning. From the total of 17 outcome measures the between errors (BE) and strategy scores were recorded. The amount of between errors was the number of times a box was opened in which a token had already been found. Accordingly, more errors demonstrated worse spatial memory. Strategy scores were calculated on the basis of the number of times a subject began the search with a different box and low strategy scores reflect the use of the efficient strategy of starting at the same box (see CANTABeclipse Test Administration Guide).34 The CANTAB tests were conducted using an Intel Pentium III processor and a 17" ELO touch screen. The distance between the touch screen and participants was set at 40 cm.
General Cognitive Ability.
The Dutch Adult Reading Test (DART), administered at age 42, is the Dutch version of the National Adult Reading Test (NART).35 Participants were required to correctly pronounce a list of 50 irregular Dutch words. The score is an estimate of verbal intelligence, resilient to cognitive decline.36 A higher score means a better performance. In the current study, the score on the DART serves as an estimate for general cognitive ability to correct for preexisting differences in cognitive capacity between subjects.
IGF-I.
Venous blood was drawn from the antecubital vein to determine IGF-I serum levels using a commercially available assay (Chemiluminescent immunometric, Immulite 2500, DPC, Los Angeles, USA). The detection limit was 3.2 nmol/l. The intra-and interassay coefficients of variation were 5% and 8%, respectively, for the entire range (7-60 nmol/l).
Education.
Education was graded according to the highest level of completed education. Of the subjects 17% had finished no further than high school education, 16% secondary vocational education, 37% higher vocational education, 21% academic education and 9% specified "other."
Data Analysis
Physical activity and fitness measurements within adolescence (13-16 years of age) were averaged over the 4 annual measurements. It appeared useful to obtain a single, more reliable estimate for each variable because the stability of physical activity over this period, indicated by the interperiod correlation coefficient (IPC), was found to be moderate in the original sample of the AGAHLS (boys, IPC =. 44; girls, IPC = .58).37 A single outlier was removed from the physical activity data in adolescence, as it was more than 5 SD above the mean and suspect for data entry error. A logarithmic transformation was performed for the PAL TE scores to correct for skewness. There were 26 missing values of physical activity and 19 missing values of fitness in adulthood; however a Missing Values Analyses revealed no differences between the groups with missing values and those with recorded data on the SWM, PAL or METS scores in adolescence. In addition, the extent of missing data were relatively small (ie, less than 10%). Thus, replacement of the missing values by the mean can be considered to be appropriate.38,39 Two scores missing on the DART were also replaced by the mean. As these subjects had average educational levels, it seemed justified to replace the missing values by the mean when entered as covariate. There were 11 missing values of IGF-I at age 36 and 6 missing values at age 42. In case a subject had 1 missing value of IGF-I at age 36, the value of IGF-I at age 42 was taken and vice versa. The mean IGF-I change per year has been estimated to be 3.5 (age < 40 years) and 2.5 (age 40 to 50 years) ng/ml in men, and 2.3 (age <40 years) and 2.1 (age 40 to 50 years) ng/ml in women.40 Thus, from age 36 to age 42 the estimated IGF-I decline can be calculated as 19 (4 × 3.5 + 2 × 2.5) ng/ml (2.47 nmol/l) in males and 13.4 (4 × 2.3 + 2 × 2.1)ng/ml (1.74 nmol/l) in females. This is quite in accordance with the IGF-I decline in our sample (see Table 1 ). As this decline is small as indicated by the effect sizes (males: d = .41, females: d = .29)41 and IGF-I levels at age 36 and age 42 were highly correlated (males r = .75, females r = .61), IGF-I levels can be considered to be quite stable. IGF-1 at age 36 as well as age 42 were missing for 4 subjects. These 4 missing values were not replaced. Statistical analysis was carried out using SPSS 22. Separate correlations in males and females between IGF-I, physical activity, fitness and cognitive tasks were identified to establish the mediating role of IGF-I. 42 Multiple regression analyses were carried out with sex as moderator for physical activity and fitness in adolescence on cognitive scores in adulthood by means of 3 successive models. Model 1 was a crude analysis carried Ferro, D.A., Deijen, J.B., Koppes, L.L., Mechelen, W. van, Twisk, J.W., Drent, M : 2016, 13(4), 392-402 out separately for physical activity and fitness in adolescence on cognitive scores in adulthood. Model 2 was a model corrected for covariates (education, DART and physical activity or fitness in adulthood). Model 3 was a model included the covariates and IGF-I (average of IGF-I at age 36 and 42). In addition, regression analyses were carried out in the same 3 steps separately for males and females.
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Statistical results are presented by the standardized regression coefficient β, the unstandardized regression coefficient B and the 95% confidence interval (CI). Covariates included were education, DART, and physical activity or fitness in adulthood. Education was used as covariate because it may confound the relationship between physical activity or fitness in adolescence with cognitive performance in adulthood. As scores on the DART serve as an estimate for general cognitive ability, they were included as covariate to correct for preexisting differences in cognitive capacity between subjects. Physical activity in adulthood was used as covariate to correct for its potentially confounding effect on the relationship between physical activity in adolescence and cognitive performance. In addition, fitness in adulthood was used as covariate to correct for its potentially confounding effect on the relationship between fitness in adolescence and cognitive performance in adulthood. Finally, IGF-I was entered as predictor to examine whether this variable plays a role in the relationship between physical activity or fitness and cognitive performance. Table 1 shows the mean physical activity and fitness in adolescence and adulthood. Activity levels of males and females were significantly different in adolescence (t (301) = 5.08, P < .0001), but were the same in adulthood [t(301) = -1.55, P = .12]. Males had significantly higher fitness levels than females in adolescence [t(301) = 17.56 P < .0001] as well as in adulthood [t(282) = 13.85 P < .0001].
RESULTS
Physical Activity and Fitness
Cognitive Tests
Scores of males and females on the cognitive tests are presented in Table 1 . On average, females scored significantly better on the DART. Males made significantly less between errors and showed superior strategic skills on the SWM, indicating better working memory performance and executive functioning. No difference between males and females was observed on the performance on the PAL [FTMS t(301) = .005, P = .97; TE (lg) (t(301) = 1.12, P = .24].
IGF-I
The mean serum IGF-I levels are presented in Table 1 . No significant difference was observed between the 2 sexes [IGF at 36 t(290) = 1.853 P = .24 and IGF at 42 t(295) = 1.148 P = .25]. There appeared to be no significant correlations in males and females of IGF-I with physical activity and/or fitness in adolescence, and cognitive performance in adulthood (data not shown).
Physical Activity in Adolescence and Cognitive Performance in Adulthood
Multiple regression analyses were performed using physical activity in adolescence as a predictor for cognitive performance in adulthood. Physical activity significantly predicted SWM Strategy and SWM BE in the group of all participants (P < .001) Also, the interaction between sex and activity was significant (P < .001). Separate regression analyses for males and females indicated that physical activity in adolescent males is a significant negative predictor for SWM BE and Strategy scores (Model 1) ( Figure 1A and 1B) . After correction for the covariates education, DART and physical activity in adulthood the association between physical activity in adolescence and SWM BE and Strategy scores are unchanged (Model 2). Finally, after also including IGF-I the association of physical activity in adolescence with SWM and Strategy Scores was still significant, while the association of physical activity in adolescence with SWM BE only tended to be significant (Model 3, P = . 051) ( Table 2) . No significant association was found between physical activity in adolescence and the SWM Strategy and SWM BE in females in any model (Model 1, P = .71 and P = .30, respectively) ( Table 3 , Figure 1A and 1B). With respect to the PAL, in the total group of participants no significant association of physical activity in adolescence with the PAL TE and the PAL FTMS (P = .74 and P = .69, respectively) nor any moderator effect for sex was observed (P = .43 and P = .22, respectively).
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Physical Fitness in Adolescence and Cognitive Performance in Adulthood A significant relationship between physical fitness and SWM Strategy and SWM BE was found in the group of all participants (P < .001). Also a significant interaction between sex and physical fitness on SWM Strategy and SWM BE was found (P = .001 and P = .03, respectively). However, separate regression analyses in males and females did not result in a significant effect on SWM Strategy for males (P = .22) or females (P = .98) nor on SWM BE for males (P = .09) or females (P = .30) (Model 1) (Figure 2A and 2B) . Also after including education, DART and physical activity in adulthood as covariates (Model 2), and in addition IGF-I (Model 3), there was no significant association between physical fitness in adolescence and SWM BE and Strategy scores (Tables 2 and 3) . With respect to the PAL, in the total group of participants no significant association was found of physical fitness in adolescence with the PAL TE and the PAL FTMS (P = .41 and P = .91, respectively), nor any moderator effect for sex was observed (P = .91 and P = .28, respectively).
DISCUSSION
The present results indicate that physical activity in adolescence has different effects according to sex on cognitive performance in adulthood. Adult males who had been more physically active in adolescence, demonstrated better performance on the executive functions, working memory and strategic memory control than their peers who had previously been less active. No such relationship was found for females. Physical fitness in adolescence did not substantially predict cognitive performance in adult males, as only a trend for a relationship was found. No intermediate role for IGF-I was established in the relationship between physical activity or fitness and cognition. Males who were more active in adolescence scored better on the SWM task in adulthood, a test assessing executive function which relies strongly on frontal lobe functioning. This finding is partly in agreement with a previous study reporting that men who had exercised (with low intensity) in adolescence, exhibited a higher information processing speed-strongly related to executive function43-at old age (62-85 years) than men who had not exercised. 15 Although cognition was examined in elderly, as opposed to adults in our study, the studies are similar in finding longterm cognitive effects of adolescent physical activity. The finding that executive functions benefit from physical activity during the adolescent years fits with the fact that the frontal lobes are still actively developing throughout adolescence, as is reflected by changes in brain tissue, particularly increases in white matter. This part of the brain is made of cells that are important for the transmission of signals to different parts of the brain. In several studies increased white matter density in the frontal lobe throughout adolescence has been demonstrated which is thought to underlie the development of executive function.44, 45 During adolescent years, activity might promote specific modifications to the frontal lobes, that could provide the basis of what we earlier described as cognitive reserve. As proposed by Stern, a cognitive reserve raises the threshold for clinical expression of brain-deterioration.6 Activity in adolescence could promote the building of a cognitive reserve, making these men more capable to cope with the age-related decline of executive function. Neither physical activity, nor physical fitness in adolescence predicted performance in adulthood in either sex on the PAL, a visual-spatial memory task relying on medial temporal lobe functioning. 33 One of the structures of the medial temporal lobe is the hippocampus, a brain area important for learning and memory. Removal of new cells in the hippocampus has been found to result in spatial memory deficits,46 suggesting that the hippocampus plays an important role in spatial memory processes.
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The present finding is not consistent with the evidence that in rodents exercise induces neurogenesis within the dentate gyrus of the hippocampus.47 With respect to humans, an imaging study in elderly showed that having better physical fitness is also associated with increased hippocampal volume48 and exercise training in the elderly halts age-related volume loss of the hippocampus. 49 It may be that the PAL is not sensitive enough to detect subtle changes in hippocampal volume. Indeed, in a recent study, long-term aerobic exercise in healthy young adults was not found to improve the performance on the PAL. This result was explained by the evidence that the PAL is sensitive to hippocampal pathology, but not to hippocampal neurogenesis. 50 No favorable effects of activity in adolescence on cognition were found for females. A previous study found an effect in women,16 while other found that daily moderate-to-vigorous activity (MVPA) was associated with better executive function in adolescent males, with results less robust (ie, smaller regression coefficients) for females. In addition, the level of MVPA was found to be higher for males than for females. As a consequence, in boys, a 2 standard deviation increase in MVPA and in girls, a 3 standard deviation increase in MVPA was required to reach the recommended activity level of 60 min per day.14 Also in the current sample females appeared to be significantly less active than males. It could be that active males reached a certain threshold of activity-not obtained by the females-to promote the physiological changes underlying the improved frontal lobe function. Moreover, the physiological responses to physical activity may be different in males and females.
Recently, the increase in VO2max after a 1-year endurance training was found to be markedly blunted in adult females compared with adult males.51 If this blunted response is also present in adolescents, it may be more difficult for adolescent females than for adolescent males to obtain the necessary physiological changes to improve brain function. However, as threshold of exercise intensity has been found to depend on initial fitness level, an exact threshold to improve cardiorespiratory fitness and/or other physiological or endocrinological parameters has not been established. 52 The effect on cognition in adulthood was present more substantially for physical activity than physical fitness in adolescence. This finding is in agreement with former studies that found an association between cognition and low level physical activity-unlikely to reflect high aerobic fitness-and a stronger relationship of the amount of spare-time activity (eg, chess, bridge or similar games; playing a musical instrument with others) than actual physical exercise with memory. 15, 17 In addition, the cognition-enhancing effects of physical activity reported in a meta-analysis on 37 studies could not be explained by physical fitness.7 As physical activity seems more important for cognition than physical fitness, it seems useful to mainly focus on physical activity while advocating a more healthy lifestyle. In addition, studies are needed to clarify the different mechanisms that play a role in the relationship between physical activity, fitness and cognition. The current study assessed the role of IGF-I as an intermediate agent between physical activity and cognition. It was hypothesized that IGF-I release is stimulated by activity in adolescence and in turn could improve cognitive functioning in adulthood. No such long-term role for IGF-I was identified, for which several causes can be acknowledged. Firstly, a major drawback of this study is the fact that IGF-I levels were only measured in adulthood, whereas the building of a cognitive reserve was hypothesized to take place in adolescence. The assumption that epigenetic modifications of the IGF-I gene in adolescence may affect IGF-I release in adulthood may have been too speculative. Secondly, IGF-I blood levels may not reflect IGF-I levels in the brain. Actual cerebral IGF-I might be critical for the cognitive effects of exercise. For example, running in rats was found to enhance IGF-I levels in the brain, whereas serum IGF-I remained unaltered.22 However, as it is not possible to determine cerebral IGF-I activity in human brain, the determination of IGF-I in blood serum in humans is currently the most feasible method. Our results on IGF-I are not in line with the finding that after 6 months of aerobic exercise in mildly cognitively impaired male and female subjects (55 to 85 years) IGF-I was increased in males. 53 The lack of an effect of IGF-I is also opposed to the finding that a 12-month intervention of resistance exercise in healthy elderly males resulted in improved reaction times on a cognitive task that were associated with increased serum IGF-1 levels.54 However, in these 2 studies IGF-I was measured immediately following exercise. One of the strengths of the current study lays in the prospective set up of objective measures of physical fitness throughout adolescence. In addition, in contrast with previous studies, applying robust cognitive tests such as the Mini-Mental State Examination (MMSE),55 the current study was able to capture more subtle interpersonal differences using CANTAB subtests to assess visual-spatial memory and executive function. Finally, the cohort contained a reasonable amount of participants, allowing correction for confounders as previously identified in literature.
However, a number of limitations of the current study should be acknowledged. One of the limitations is the observational design which makes it difficult to infer causal relationships between variables. Although an estimate of general cognitive ability (DART) was used as covariate, there were no appropriate baseline measures for executive functions and memory in adolescence. Therefore, it cannot be ascertained that early physical activity caused males to have better executive control in adulthood. Two alternative pathways should be considered. Firstly, reverse causality cannot be ruled out. In other words, better executive control during adolescence caused these males to be more active, by for example successfully planning their day-to-day activities. Secondly, an underlying factor could be responsible for both activity and the development of executive control in adolescence. For instance, social economic status could potentially influence both factors as people from higher class backgrounds might be more aware of the benefits of physical activity and have had more opportunity to develop their executive functions. On the other hand, this study included a rather homogeneous sample of higher level secondary school pupils most likely of the same social background. A further limitation is that the measures of physical activity were self-reported. However, the recollection of activities undertaken in the previous 3 months can be considered mildly retrospective. Finally, the use of the PAL may be a limitation in the current study. Although the PAL is known to be hippocampal dependent, it may be inappropriate to detect changes in performance due to hippocampal neurogenesis. Maybe it would have been better to select a test that is specifically neurogenesis-dependent. One such a test is the visual pattern separation task developed by Kirwan and Stark.56 This task is based on the notion that the dentate gyrus of the hippocampus is responsible for pattern separation. 56 As this task has a high interference component (ie, subjects have to discriminate between almost identical objects) and thus places high demands on pattern separation capabilities, it may be more useful than the PAL.
CONCLUSIONS
This prospective study reveals the longitudinal effects of physical activity in adolescence on cognition in adulthood. The present results indicate that adult males who have been more physically active in adolescence have a better working memory and strategic memory control than their peers who have previously been less active. Such a relationship between physical activity in adolescence and working memory and strategic memory control in adulthood was not found for females. In addition, physical fitness in adolescence tended to be associated with a better working memory in adulthood, but also only in males. These findings suggest that especially physical activity in adolescent men may improve frontal lobe-mediated cognitive functioning in adulthood. In addition to the finding that physical fitness in adolescence is hardly involved in the relationship between physical activity and cognition, a role for IGF-I as an intermediate agent between physical activity and cognition could also not be confirmed. Future studies are needed to further elucidate the mechanisms behind the relationship between physical activity in adolescence and better cognitive functioning in adulthood. It may be recommended to measure IGF-I at several time points during adolescence to shed more light on its possible involvement in the building of a cognitive reserve. In addition, it seems useful to design studies that are directed on clarifying the different cognitive effects of physical activity in males and females. The findings of the current study contribute to the extensive area of research highlighting the importance of an active lifestyle in adolescence with respect to enduring healthy cognitive functioning.
